We present a detailed investigation on the magnetodielectric properties of Fe 2 OBO 3 , where we have found a magnetodielectric effect around 150% at room temperature and = 2 kHz, that cannot solely arise from magnetoresistive extrinsic contributions. In addition, we find a crossover of the magnetodielectric response around T N , that we attribute to changes in the electronic microstructure of this compound that take place at that temperature. For T Ͻ T N the dielectric constant experiences a jump at a temperature dependent critical field that we relate to a partial melting of the charge ordering state.
I. INTRODUCTION
Multiferroic materials, where two important and basic properties like ferromagnetism and ferroelectricity are coupled within one phase, are being the object of an intensive research. The obvious reason is that they are the direct candidates to exhibit the useful ability of changing their dielectric constant under the application of an external magnetic field and vice versa. Unfortunately, multiferroics are a rare gift of nature because the classical ferroelectric ͑Ti-based͒ compounds contain transition metal ions with empty d shells and therefore do not bear magnetic moment. The nice exceptions are some geometric multiferroics such as YMnO 3 ͑Ref. 1͒ materials combining A-site ͑lone pair͒ ferroelectricity with B-site magnetic ordering, e.g., BiMO 3 ͑M =Cr,Mn,Fe͒ ͑Refs. 2 and 3͒ or highly frustrated spin systems, such as TbMnO 3 , TbMn 2 O 5 , 4 etc. In these latter compounds ͑better candidates to exhibit large magnetoelectric effects͒ the electric polarization emerges due to the magnetic order; consequently, the onset of the ferroelectric ͑FE͒ state takes place around the corresponding magnetic transition. To obtain the FE state, the magnetic structure must break the inversion symmetry, a condition usually observed in noncollinear magnets.
Unfortunally, noncollinear magnetism usually takes place at low temperatures ͑typically T Ͻ 50 K͒, which is an inconvenience for practical applications.
This has led to the search of high magnetodielectric effects by other mechanisms, which in turn implied looking for alternative ways to find materials with high dielectric constant, i.e., going beyond a structural origin of electric polarization.
One of these strategies has been to focus on systems with charge condensation, starting with charge-ordered manganese perovskites. [5] [6] [7] In this context, our report of the high capacitive behavior in Pr 2/3 Ca 1/3 MnO 3 just below its charge ordering temperature, T CO = 250 K, 5, 6 points to a link between the electronic state and the increase in the dielectric response.
In this line, Ikeda et al. 8 have found electronic ferroelectricity in LuFe 2 O 4 due to the charge-order of the iron ions that gives rise to local electrical polarization since the centers of Fe 2+ and Fe 3+ do not coincide in the superstructure unit cell. Their result points to the possibility of ferroelectricity originating from the electron density modulation without a dipole cation-anion, a new way to induce FE state even at room temperature, a very important aspect for the potential applications of these materials. Moreover, they also found evidence of a certain coupling between magnetization and electric polarization, result that they rationalized on the basis that it is also the coherent arrangement of spins on the Fe ions what is giving rise to polarization. 8 Short after this, Subramanian et al. 9 reported that LuFe 2 O 4 shows a rather large magnetodielectric effect ͑Ϫ25%͒ at room temperature under the modest field of 0.1 T.
In this work we explore the possibility of finding magnetodielectric effects in the isostructural Fe 2 OBO 3 , another mixed valence iron compound that also shows charge, magnetic, and orbital ordering. This compound crystallizes in the warwickite structure, in which the Fe 2+ and Fe 3+ cations show an octahedral coordination and the ͓FeO 6 ͔ groups share edges to form ribbons of four infinite chains linked by corner sharing and the trigonal planar BO 3 groups. 10 According to the initial studies performed on a polycrystalline sample, this compound experiences an electrostatically driven charge ordering below 317 K ͑Ref. 11͒ and orders antiferromagnetically below T N = 155 K. and thickness of 0.9 mm were prepared to fit in the capacitor, and gold was sputtered on their surfaces to ensure good electrical contact.
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II. EXPERIMENTAL
In addition dielectric measurements under a magnetic field up to 14 T were performed in a precision LCR-meter Quadtech model 1920 in frequencies ranging from 20 to 10 6 Hz and in the temperature interval ͓80Յ T͑K͒ Յ 300͔.
III. RESULTS AND DISCUSSION
The behavior of the dielectric constant of Fe 2 OBO 3 as a function of frequency was already reported in Ref. 14. After a general initial decrease at low frequencies, probably due to diffusion processes, the dielectric constant keeps a very high value, constant for a certain frequency range giving rise to a plateau, and then it decreases in a steplike manner as frequency gets higher.
As shown in Fig. 1 18 These figures gave rise to a fruitful debate and controversy about the origin of these high dielectric constant 19, 20 and demonstrated the necessity of differentiating between bulk intrinsic contributions and extrinsic factors coming from space-charge or MaxwellWagner polarization 21 occurring in electrical inhomogeneous systems to correctly interpret the dielectric behavior of these colossal r Ј materials.
With this aim, in a previous work 14 we studied this compound by impedance spectroscopy ͑IS͒ using the computer program LEVM ͑Ref. 22͒ and we found different behaviors as a function of temperature.
For temperatures T Ͻ 200 K the IS analysis showed a purely intrinsic response. Meanwhile, in the temperature range 200Ͻ T͑K͒ Ͻ 300, the dielectric response was due to both the bulk ͑at high frequencies͒ and to extrinsic factors ͑at low frequencies͒. Meanwhile, for T Ͼ 300 K, the dielectric response was mainly extrinsic and described by the Maxwell-Wagner model.
In addition, in order to eliminate the extrinsic contribution, we have also performed experiments by sandwiching the sample in-between two mica layers, obtaining relatively high values of r Ј at room temperature for this kind of oxides ͑ r Јϳ 45͒.
14 Most interestingly, the temperature dependence of the remaining intrinsic contribution showed a jump, that at high frequencies occurs at the temperature at which a rearrangement of the charge-order pattern takes place and at low frequencies occurs at temperatures close to the onset of the antiferromagnetic long-range order. This result suggests a certain coupling between the electronic, magnetic, and dielectric properties in this compound.
When applying a magnetic field, we found a very noticeable variation in the dielectric constant. Figure 2͑a͒ shows its variation at room temperature: as it can be seen, r Ј experiences a relevant increase as the magnetic field increases from 0 to 14 T, especially at low frequencies.
Certainly, this high magnetodielectric effect could arise from the extrinsic contribution to the dielectric constant, which is a term dependent on the electrical resistivity. Nevertheless, the value of the magnetoresistance at 300 K is very small, around about 2 % ͓Fig. 2͑b͔͒, while the observed positive magnetodielectric effect is quite large ͑for example, at 2 kHz it is around 150% and at 8 kHz it is around 30%͒. This result suggests that the origin of this room-temperature magnetodielectric effect cannot merely be the magnetoresistive extrinsic contribution, as it also occurs in the case of LuFe 2 O 4 . 9 We have also measured the magnetodielectric effect at lower temperatures ͓80Ͻ T͑K͒ Ͻ 300͔. The magnetodielectric effect is reduced when lowering temperature and, at around T N , it exhibits a crossover: whereas for T Ͼ T N the magnetodielectric effect is positive, for T Ͻ T N it becomes 
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negative. Moreover, it is worth noting that for T Ͻ T N the dielectric constant experiences a jump at a temperature dependent critical magnetic field, H c , ͑Fig. 3͒.
Such critical field, that increases as temperature gets lower, is reachable with our experimental available magnetic field for 125Ͻ T͑K͒ Ͻ 140 but it becomes too high, and out of our measuring window, for lower temperatures. As a consequence, for T = 80 K the dielectric constant is not seen to change upon application of the maximum available field ͑H max =14 T͒ ͑Fig. 3͒.
In addition, in this latter temperature range the magnetodielectric response is seen to increase again as temperature decreases further down to 125 K, where the maximum effect is observed MDϳ −2.5% at = 8 kHz ͑Fig. 3͒.
In order to interpret these observations it is unavoidable to establish a comparison with LuFe 2 O 4 . As anticipated in the introduction, in that compound the origin of the enhanced dielectric constant is the breaking of the inversion symmetry by charge ordering: a spontaneous electric polarization appears below 330 K, in coincidence with the charge ordering of the Fe 2+ and Fe 3+ cations. In addition, an increase in the electric polarization is observed around 250 K, the ferrimagnetic ordering temperature.
In principle, one could expect that a similar process would be taking place in the Fe-oxyborate, but in fact in this compound the situation is more complex and slightly different. In this context some of us have found that the electronic phase diagram of this compound includes the presence of a spatially inhomogeneous short-range charge-order state below 317 K that becomes truly long-range only below the Néel temperature. 14 This agrees with the conclusion taken from dielectric data: in Fe 2 OBO 3 we find at room temperature and down to T N a dielectric constant that is very high and is greatly enhanced by extrinsic contributions ͑detected by the IS results 14 ͒. On the other hand, and as indicated in our previous paper, no dielectric anomalies are detected around 317 K. This is probably due to the fact that from 155 to 317 K the coexistence of antiferromagnetic/charge ordered ͑AFM/ CO͒ regions embedded in a charge delocalized paramagnetic matrix are greatly enhancing the dielectric constant by means of the space-charge or interfacial polarization produced between the segregated insulator and the metallic regions. As the effect is more pronounced as temperature gets higher, and at 317 K the conductivity of the sample increases further, the truly intrinsic behavior of the Fe 2 OBO 3 compound is almost completely covered by the other contribution and cannot be observed in this temperature range.
On the other hand, as temperature decreases below 155 K, the AFM/CO regions percolate, the system becomes antiferromagnetic and the charge ordering becomes long range, which leads to a suppression of charge carriers and therefore to the elimination of this interfacial polarization and its associated enhancement of the dielectric response.
The global result is a decrease in the measured dielectric constant below T N , and the observation of the purely intrinsic dielectric response of the material, coming from the AFM/CO phase, without the interference of extrinsic factors that show up above T N . In fact, we relate the observed crossover of the magnetodielectric response close to T N ͑Fig. 4͒ to the change in the electronic microstructure of this compound from short range CO/AFM regions embedded in a paramagnetic matrix to a long-ranged CO and AFM phase.
The step in the dielectric constant at a critical field in a temperature window below T N ͓Figs. 3͑a͒ and 3͑b͔͒ is suggesting a melting of the CO state, with the subsequent decrease in dielectric constant. It could be partial, as observed in other CO Mn-perovskites, 6 leading to a short-range CO, that could be the responsible of interfacial polarization effects. Would this be so, it would support our previously suggested idea of the dependence of the dielectric behavior on the characteristics and changes occurring in these complex CO states.
In summary, we have studied the influence of the external magnetic field in the dielectric constant of Fe 2 OBO 3 . We have found a magnetodielectric effect around 150% at room temperature and = 2 kHz, that cannot solely arise from magnetoresistive extrinsic contributions, that are indeed present and enhancing the observed effect. Very interestingly, we find a crossover of the magnetodielectric response around T N , that we attribute to changes that take place in the electronic microstructure of this compound at that temperature. For T Ͻ T N the maximum MD effect seen is Ϫ2%. Also, for T Ͻ T N the dielectric constant experienced a jump at a temperature dependent critical field, H c , that we relate to a partial melting of the CO state that leads to a short-range CO. 
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